Background Knee dislocations are rare injuries with potentially devastating vascular complications. An expeditious and accurate diagnosis is necessary, as failing to diagnose vascular injury can result in amputation; however, the best diagnostic approach remains controversial. Questions/purposes We asked: (1) What patient factors are predictors of vascular injury after knee dislocation? (2) What are the diagnostic utilities of palpable dorsalis pedis or posterior tibial pulses, and the presence of an anklebrachial index (ABI) of 0.9 or greater?
Methods A database at a Level I trauma center was queried for patients with evidence of knee dislocation, demographic information (age at the time of injury, sex, Injury Severity Score, BMI, mechanism of injury), and the presence of open injury were recorded. One-hundred fortyone patients underwent screening at initial presentation, of whom 26 (24%) underwent early vascular exploration based on an abnormal physical examination. One-hundred five (91%) of the remaining 115 patients were available at a minimum followup of 6 months (mean, 19 ± 10 months). In total, 31 unique patients were excluded, including 10 patients (7%) who were lost to followup before 6 months. Among the 110 patients who met inclusion criteria, the mean age and SD was 37 ± 13 years, and the Injury Severity Score was 15 ± 9. There were 71 males (65%). Logistic regression was used to determine independent correlates of vascular injury. The vascular examination was reviewed for the presence of a palpable pulse in the dorsalis pedis artery, the presence of a palpable pulse in the posterior tibial artery, and whether the ABI in the dorsalis pedis was 0.9 or greater. Contingency tables were generated to assess the sensitivity, specificity, and accuracy of physical examination maneuvers. The physical examination was collectively regarded as ''normal'' when both pulses were palpable and the ABI was 0.9 or greater. The initial physical examination as just described was considered the diagnostic test being evaluated in this study; ''positive'' tests were evaluated by and confirmed at vascular surgery, and 6 months clinical followup without symptoms or progressive signs of vascular injury confirmed the absence of injury in the remainder of the patients. Contingency tables were generated again to assess the sensitivity, specificity, and accuracy of the combined physical examination.
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Introduction
Knee dislocations are serious injuries caused by violent trauma. Although uncommon, their consequences may be devastating [10] . They often occur as part of orthopaedic polytrauma and may be associated with other disorders and complications; one of the worst of such is arterial injury, which threatens the loss of life and limb [4, 16, 20] . However, limited predictive information is available to suggest which patients are at greater risk for vascular injury [24] .
An expeditious and accurate diagnosis is of paramount importance to avoid limb loss in these critically injured individuals, although the appropriate manner in which to do so remains controversial. Historically, trauma providers relied solely on physical examination to diagnose vascular injury in knee dislocation by assessing for the presence of pulses and, in some cases, ankle-brachial index (ABI) [22] . However, advances in technology have offered an expanded array of radiographic tools. This has muddied the clinical algorithms used as a part of various trauma protocols; the exact role of radiography such as CT angiography, arterial duplex, and MR arthrography has been debated, but not settled [6, 12, 15] . In an increasingly restricted-payer healthcare environment, it would seem prudent to examine the diagnostic utility of advanced radiography and provide an evidence-based analysis of CT angiography. Furthermore, given the changing demographics of our society, it would seem especially prudent to reexamine the risk factors and treatment algorithms for knee dislocation, as much of the existing knowledge in the literature is based on clinical data that are more than three decades old [12] .
Accordingly, we designed an experiment to answer the following questions: (1) What patient factors are predictors of vascular injury after knee dislocation? (2) What are the diagnostic utilities of palpable dorsalis pedis or posterior tibial pulses, and the presence of an ABI of 0.9 or greater?
Patients and Methods
After institutional review board approval, a registry of patients who received care at a Level I trauma center between January 1, 2000, and December 31, 2014, was searched. Search criteria were performed according to International Classification of Diseases, 9th Revision (ICD-9) codes and Orthopaedic Trauma Association classifications for patients sustaining dislocations of the tibiofemoral joint. One hundred forty-one patients were identified as candidates for study. Exclusion criteria included patients with incomplete medical records (20) , those with less than 6 months of clinical followup (10), incorrect ICD-9 classification (nine), or patients who died before having undergone a physical examination (one). In total, 31 unique exclusions were made leaving 110 patients available for primary analysis.
Information regarding age at the time of injury, sex, Injury Severity Score (ISS), BMI, mechanism of injury (high versus low energy), and the presence of an open injury were documented based on the medical record. Injuries resulting from motorcycle or motor vehicle collisions, falls from height, crush injuries, or injuries in pedestrians struck by vehicles were coded as high-energy mechanisms; all other mechanisms were coded as low energy.
The trauma intake history and physical examination was reviewed by two researchers (DSW, NRS) not involved in patient care. The following components of the vascular examination were recorded: the presence or absence of a palpable pulse in the dorsalis pedis artery, the presence or absence of a palpable pulse in the posterior tibial artery, and whether the ABI in the dorsalis pedis was 0.9 or greater. Doppler probes were used as part of ABI measurements [17] . The physical examination was coded as ''abnormal'' if either of the pulses were absent or if the ABI was less than 0.9. In all cases, serial examinations were performed for at least 48 hours.
Vascular injury was defined as being positive in patients who has vascular exploration after an abnormal examination, and negative for patients whose clinical followup at a minimum of 6 months suggested the absence of symptoms. The diagnostic utilities for predicting vascular injury were calculated for the following independent variables: the presence of a palpable dorsalis pedis pulse, the presence of a posterior tibial pulse, the presence of dopplerable pulses on examination, and the presence of an ABI of 0.9 or greater. The physical examination was collectively regarded as ''normal'' when both pulses were palpable and there was an ABI of 0.9 or greater. The diagnostic utility of a normal physical examination also was calculated.
Arterial injury was considered major if an occlusion existed in the popliteal artery, medial genicular artery, anterior tibial artery, posterior tibial artery, superficial femoral artery, or common femoral artery. Arterial injuries were considered minor if they were confined to the tunica intima or if isolated vasospasm was present [12] .
The mean age and SD for the patients at the time of injury was 37 ± 13 years. The average ISS was 15 ± 9; there were 71 males (65%) and 39 females. The mean BMI was 31± 8 kg/m 2 . Twenty-six patients had low-energy injuries (24%), and 84 sustained injuries from high-energy mechanisms. Thirty-eight patients (35%) had injuries that were open and 72 had closed injuries. The mean followup was 19 ± 10 months.
A physical examination at the time of initial trauma intake that explicitly documented vascular pulses was present in the electronic medical record for all 110 patients. In total, 26 patients (24%) eventually were shown to have major vascular injury and minor arterial injury was documented in two patients (2%). Twenty-three patients (88% of those with vascular injury) were found to have occlusions of the popliteal artery, two had occlusions of the anterior tibial artery (8%), and one had an occlusion of the posterior tibial artery (4%). Patients who sustained major vascular injuries were treated with bypass graft (21 of 26; 81%), primary amputation (three of 26; 11%), angioplasty (one of 26; 4%), and medication/observation (one of 26; 4%). When bypass grafting vascular repair did occur, it occurred at a mean of 8 ± 8 hours from the time of injury. There were no patients with a vascular injury that was missed on initial trauma intake that presented with late sequelae.
The SPSS software package (Version 22.0; IBM Corporation, Armonk, NY, USA) was used for all data analysis. Binomial logistic regression was used to determine the independent predictors of vascular injury. Significance was set at a p value of 0.05 or less. Contingency tables were created to assess the diagnostic utility of the measured physical examination maneuvers. Sensitivities, specificities, and accuracies were calculated.
Results
Increased BMI was associated with a 7.7% increase in the odds of sustaining a vascular injury (odds ratio [OR], 1.077; 95% CI, 1.008-1.155; p = 0.033) ( Table 1) . Patients with open injuries were more likely to sustain vascular injuries compared with patients with closed injuries (OR, 3.366; 95% CI, 1.008-11.420; p = 0.048). Age, sex, highenergy injury patterns, laterality, and ISS were not associated with vascular injury, with the numbers available (Table 1) .
ABI less than 0.9 (Table 2) had the highest positive likelihood ratio (81; 95% CI, 17-947) for predicting vascular injury. Correspondingly, it also had the highest specificity (99%) for predicting vascular injury. The presence of a palpable dorsalis pedis pulse had the lowest negative likelihood ratio (0.03; 95% CI, 0.02-0.30). It also had the highest sensitivity for ruling out vascular injury (98%). There were only two patients whose combined physical examination findings were discordant with the presence of a vascular injury, resulting in a false-positive result in both cases ( Table 3 ). The combination of physical examination had a sensitivity of 100%, a specificity of 98%, a positive predictive value of 93%, a negative predictive value of 100%, and an overall diagnostic accuracy of 98%. In other words, there were no patients with a diagnosis of vascular injuries within 6 months of a knee dislocation who had a normal physical examination.
The minor vascular injuries in two patients were both isolated tears of the tunica intima. These patients were managed without formal vascular intervention with one receiving aspirin and clopidogril and the other receiving no medication. Followup at 2.5 and 5 years, respectively, revealed no lingering effects suggestive of vascular injury.
Discussion
Medina et al. [12] recently performed a systematic review of vascular injury after knee dislocations. They queried 23 articles that included 862 patients with knee dislocations and determined that ''no outcome-driven conclusions can be drawn regarding the ideal diagnostic modality [of vascular injury].'' As they explained, many of the patients included in their meta-analysis had injuries that occurred more than 30 years ago, and when interpreted in the context of the changing demographics of modern society, it would seem valuable to continue reporting the diagnostic utility of various physical examination maneuvers. Although some authors [18, 21, 24] agree that knee dislocations are best diagnosed and managed through a systematic approach, the specifics of such have been heavily debated [12, 13, 24] . Levy et al. [10] reported a shortage of high-quality evidence from which to base diagnosis and treatment decisions, specifically those related to vascular injury. Routine arteriography has been advocated by some [1, 13] , although there has been a gradual shift in opinion toward more selective use of angiography [6, 9, 16] . We therefore performed a review of a large trauma database and asked the following questions: (1) What patient factors are predictors of vascular injury after knee dislocation? (2) What are the diagnostic utilities of palpable dorsalis pedis or posterior tibial pulses, and the presence of an ABI of 0.9 or greater?
This study has some limitations. The most important was the lack of a true gold standard on all patients. CT angiography has been well-established as a reliable diagnostic tool for vascular injury in knee dislocation, however, it was not used for all patients in this analysis. We did not assess the utility of CT angiography, although it was studied previously [12] . Instead, we used a reference standard of clinical followup at 6 months from the time of injury. Some authors have speculated that vascular injuries should be expected to present within this time [16, 18, 24] . While we are unaware of any case reports of individuals presenting with vascular injuries after the 6-month time, we acknowledge it may have been possible in our study. It also is possible that any patients who were excluded from analysis may have presented elsewhere with complications or vascular injuries; given the relatively small number of patients in our study; even a few individuals might have influenced the major conclusions. However, this limitation is central to the current study, and all other studies on knee dislocations, as many of these injuries go unrecognized if Normal dorsalis pedis pulse 1 73
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they are spontaneously reduced. Designing a comprehensive study without any missing patients is not possible when dealing with these complicated injuries. Similarly, physical examination techniques and results may have differed between examiners. Injuries to the tunica intima were not considered during contingency analysis and may have been incompletely documented; however, tears of the tunica intima rarely produce vascular occlusion [19, 23, 26] and generally are managed nonoperatively [2] . Our study did not differentiate between the direction of knee dislocations, although posterior dislocations have been shown to have higher rates of vascular injury [12] . Twenty patients were excluded in our study owing to incomplete medical records: these individuals had clinical documentation of knee dislocations, however, complete medical and radiographic records were not available for certain patients, some of whom presented when our institution was transitioning to electronic records, and their files were incomplete. Study design necessitated that patients be excluded if they did not have pulses or ABI recorded during the intake examination.
The collective data from this study suggest that individuals with higher BMI and those with open injuries were more likely to sustain vascular injury after knee dislocation. Age, sex, mechanism of injury, laterality, and ISS did not predict vascular injury. These findings are in accordance with those of Georgiadis et al. [4] , who retrospectively identified 53 individuals with knee dislocations and determined that patients who were obese who sustained low-energy falls were more likely to sustain major vascular injuries than patients with high-energy traumatic dislocations. They suggested that the traditionally held risk factors for vascular injury (high-energy mechanism, multiple system trauma) may not be applicable for modern practice, especially as BMIs continue to increase. Sillanpää et al. [21] similarly warned increasing body proportions are leading to a changing paradigm in the epidemiology of knee dislocations and associated vascular injuries. Although historical literature suggested that mechanism of injury and the degree of injury severity (ISS) were useful predictors of vascular injury [7, 8, 10, 14, 25] , this was not the case in our study or others [3, 21] . To our knowledge, our study is one of the only studies that investigates open injury as a risk factor for vascular injury after knee dislocation; however, Wright et al. [27] reported a series of 19 patients with open knee dislocations and found that nine (47%) had some form of concomitant vascular injury.
Existing treatment algorithms extrapolated from earlier research have relied on the assessment of the dorsalis pedis pulse, the posterior tibial pulse, the presence of dopplerable pulses, and the assessment of the ABI. We found that the presence of a dorsalis pedis pulse was the most sensitive finding for ruling out a vascular injury in the dislocated knee. Having an ABI less than 0.9 was the most specific physical examination maneuver for detecting the presence of vascular injury; however, although both modalities had excellent statistical accuracy [5] , neither had 100% sensitivity or diagnostic accuracy. Considering the grave clinical consequences of a missed vascular injury [1, 12] , any physical examination test with less than 100% sensitivity for ruling out such a crucial diagnosis is of limited utility when used in isolation. However, Hollis and Daley [6] recommended that physical examination findings should be used in conjunction with one another to provide the most complete clinical picture. No patients in our study who sustained vascular injury (100% sensitivity, 100% negative predictive value) had an entirely normal physical examination. There were two patients who had abnormal physical examinations but did not have any form of vascular injury (two false positives, 93% specificity, 98% positive predictive value). However, when the primary purpose of a diagnostic test is to exclude a potentially limbor life-threatening condition, a small number of false positives should be expected and, to some degree, required. A similar concept is used by acute care surgeons during the evaluation of appendicitis, where it has been suggested that a significant false positive rate is necessary to ensure a diagnostic sensitivity of 100% [5] . The absence of pulses alone has been suggested in some studies [7, 8, 10, 11, 14, 24, 25] as being sufficient to detect vascular injury, although each of the studies had limited patient sample size and relied on antiquated technology. Moreover, these studies were limited by their selective use of the ABI, which has been shown to be a valuable adjunct to the vascular examination. Mills et al. [13] prospectively assessed ABI in 38 patients with knee dislocations and reported 100% sensitivity and specificity for determining arterial injury that was deemed to be significant when using a cutoff less than 0.9. We agree with the conclusions of Stannard et al. [24] , that a full concert of physical examination findings can be used to rule out the presence of vascular injury after knee dislocations. However, a physical examination cannot be used to diagnose the occurrence of a vascular injury, and we agree with Rihn et al. [18] who suggested that angiography is needed to definitively rule in the existence of vascular injury.
Our study corroborates reports suggesting that the conventionally held risk factors for vascular injury after knee dislocation are changing in accordance with the increased size of modern individuals. Increased BMI and the presence of open dislocation are associated with a greater risk for vascular injury after knee dislocation. We found no single physical examination maneuver that was sufficiently sensitive on its own to diagnose vascular injury. However, the combination of a palpable dorsalis pedis and posterior tibial pulse combined with an ABI of 0.9 or greater was 100% sensitive for ruling out vascular injury at a minimum 6-month clinical followup. We recommend that trauma providers evaluate vascular injury after knee dislocation as follows: (1) palpate the dorsalis pedis and posterior tibial artery; (2) perform an ABI; and (3) if both pulses are present and the ABI is 0.9 or greater, we recommend continued vascular observation for 48 hours [10] . However, if either the dorsalis pedis or posterior tibial pulses cannot be palpated, or if the ABI is less than 0.9, we recommend the use of CT angiography. Similarly, if physical examination findings are at all inconclusive, angiography may be warranted.
